Organic oligomers were discovered in laboratory-generated atmospheric aerosol 3 over a decade ago. However, evidence for the presence of oligomers in ambient 4 aerosols is scarce and mechanisms for their formation have yet to be fully elucidated. 5
In this work, three unique aerosol particle types internally mixed with High molecular 6 weight organic compounds (HMW-OC) species -likely oligomers -were detected in 7 ambient air using single particle Aerosol Time-Of-Flight Mass Spectrometry 8 (ATOFMS) in Cork (Ireland) during winter 2009. These particle types can be 9 described as follows: (1) HMW-OCs rich in organic nitrogen -possibly containing 10 nitrocatechols and nitroguaiacols -originating from primary emissions of biomass 11 burning particles during evening times; (2) HMW-OCs internally mixed with nitric acid, 12 occurring in stagnant conditions during night time; and (3) HMW-OCs internally 13 mixed with sea salt, likely formed via photochemical reactions during day time. The 14 study exemplifies the power of methodologies capable of monitoring the 15 simultaneous formation of organic and inorganic particle-phase reaction products. 16
Primary emissions and atmospheric aging of different types of HMW-OC contributes 17
to aerosol with a range of acidity, hygroscopic and optical properties, which can have 18 different impacts on climate and health. within clouds (Lim et al., 2010) . Although it has been found that the aqueous phase 22 reactions of organic vapours can lead to higher molecular weight products than 23 equivalent reactions in the gas phase, the role of the liquid phase of aerosols in SOA 24 formation is still largely unknown (Beardsley et al., 2013) . It is also important to note 25 that oligomers in aerosols are not only formed via secondary mechanisms, but also 26 include direct primary emissions from terrestrial, marine and biomass burning primary 27 sources (Decesari et al., 2000, Reid et al., 2005) . Detection and characterization of 28 oligomeric species in aerosols is important as they are expected to significantly affect 29 gas-particle partitioning, hygroscopic growth, particle reactivity, and health effects 30 secondary organics that has been largely overlooked in atmospheric aerosol 22 chemistry. It was shown that that chloride components in sea salt particles may 23 effectively react with organic acids releasing HCl gas to the atmosphere, leaving 24 behind particles depleted in chloride and enriched in the corresponding organic salts. 25
Other studies have also shown that, under atmospheric conditions, the presence of 26 SS aerosols significantly increased the SOA yields of aromatic hydrocarbons, 27 compared to seedless conditions or the presence of pure NaCl seeds (Beardsley et 28
al., 2013). 29 30
Due to the potential climatic impacts of atmospheric organic species, there has been 31 growing interest in the effects of organics on the hygroscopicity and phase transition 32 of inorganic aerosol. Despite great efforts devoted to understanding the 1 hygroscopicity of mixed organic/inorganic aerosols, current knowledge of the 2 interaction between organics and inorganics in mixed droplets at the molecular level 3 is still very limited (Yu et al., 2011) . Developing a better understanding of the factors 4 controlling heterogeneous chemical reactions on the surface of atmospheric aerosols 5 is challenging because the complex composition, structure and heterogeneous 6 distribution of species make predicting the degree of reactivity of each particle 7 difficult (Ault et al., 2013a,b; 2014). Bulk ensemble measurements provide valuable 8 information, but the implicit assumption of internal mixing can lead to discrepancies 9 between models and measurements because the average value may not accurately 10 represent the aerosol population when multiple populations are present (Healy et al, 11
2014). The rates of heterogeneous reactions of trace gases with aerosol particles are 12 complex functions of particle chemical composition, morphology, and phase state. results in a characteristic mass spectra. As a result, a number of atmospheric 5 processes and aerosol sources can be monitored in real time. In this paper we 6 discuss not only information on the mass spectra, but also diurnal trends for particle 7 counts over a four week period for the three different types of oligomer aerosols 8 identified. ToF-AMS were calculated using the methods outlined by DeCarlo et al. (2006) . 10
Standard ToF-AMS data analysis software packages (SQUIRREL v1.49 and PIKA 11 v1.08) were used. 12 13
Processing of Mass spectrometer data 14 15
The data generated by the two mass spectrometers has been processed, analysed 16 and reported in detail in a previous publication (Dall 'Osto et al. 2013 ). Briefly, Positive 17
Matrix Factorization (PMF) was applied to the HR-ToF-AMS organic matrix and a 18 five-factor solution was found, supported both mathematically and with external 19 correlations with parallel gaseous, aerosol off-line and ATOFMS measurements. The 20 AMS_PMF organic aerosol (OA) factors HOA ("hydrocarbon-like" OA), LV-OOA ("low 21 volatility oxygenated" OA), BBOA ("biomass burning" OA), PCOA ("peat and coal" 22 OA) and COA ("cooking" OA) comprised 20%, 19%, 23%, 21% and 18% of the total 23 non-refractory organic mass, respectively. The ATOFMS dataset was reduced to 10 24 single particle types which accounted for around 97% of the detected particles. 25
Based on composition, temporal profile and other factors, the clusters were attributed 26 to the following source categories; domestic solid fuel combustion (~61%), secondary 27 aerosols (~27%), traffic (~5%), sea salt (~3%) and shipping (~1%). A follow up study 28 performed here, we focussed on the remaining 2.7% (36,538 in number) of detected 6 particles which were classified by ART-2a into three distinct classes. They can be 7 described as predominantly organic particle types presenting a systematic High 8 Molecular Weight (HMW) signal. Whilst these three particle types only represent 9 about 3% of the whole ATOFMS dataset, we argue that these single particle mass 10 spectra provide important new information on the sources and processes affecting 11 oligomer formation in an urban area affected by anthropogenic primary sources (i.e. 12 traffic, biomass burning), as well natural coastal sources (i.e. sea salt), during winter 13 time. In a separate analysis, the YAADA ATOFMS dataset was also queried to return 14 mass spectra meeting the following criteria: a signal in the m/z range -250 to m/z -15 500 that is greater than 0.01 of the total relative peak area, as per previous studies 16 33,000 particles, or about 3% of the total dataset, implying that the three oligomer 18 ATOFMS Art-2a particle classes do represent the majority of the oligomer signal 19 detected in single particle ATOFMS mass spectra. 20 21
RESULTS AND DISCUSSION 22 23
Measurement of both positive and negative ions within the dual polarity mass 24 spectrometer for each individual particle provides the ability to identify aerosol 25 sources and examine its mixing with secondary species (Pratt and Prather, 2010) . 26
The three ATOFMS oligomer particle types were characterized by high mass 27 negative ions in the 200-400 mass/charge range with repetitive spacing of 12,14, and 28 16, characteristic of oligomeric species. By contrast, a corresponding oligomeric 29 pattern was not observed in the positive ion mass spectra. Furthermore, the positive 30 mass spectrum was not generated for most (>95%) of the particles comprising the 31 three categories herein presented. Processes occurring during particle ablation and 32 ionization can influence the mass spectra produced by the ATOFMS. These effects 1 remain poorly characterized for complex atmospheric particles, and they include 2 shot-to-shot variability due to laser inhomogeneities and matrix effects caused by composition dependent matrix effects can also lead to differing instrumental 6 sensitivities for the same chemical species depending on the presence or relative 7 abundance of other constituent species within the same particle (Liu et al., 2000) . 8
Alkylaminium sulfate particles have been shown to readily absorb water at low 9 relative humidities (<45 %) (Chan and Chan, 2013 ; Hu et al., 2014), and particle-10 bound water has been shown to suppress negative ion formation in mass 11 spectrometers (Neubauer et al., 1997 (Neubauer et al., , 1998 . In contrast, negative species with the 12 highest electron affinity are detected most easily and with higher ion peak areas 13 The three ATOFMS oligomer particle mass spectra are shown in Figure 1 and are 25 described below. Whilst in this section only particle mass spectra and aerosol size 26 distributions are presented, in the following sections we describe diurnal profiles, 27 temporal trends, source apportionment estimates, influence of meterology and 28 atmospheric and biogeochemistry implications. are also weak in this particle type. Strong oligomer peaks can be seen for this 29 particle type (Fig. 1bottom) , relative to the previous two presented (Figure 1 top, 1  30 middle). The distinguishing aspect of this mass spectrum is a strong signal for 31 chloride and oligomer species. 32
The observed pattern of the oligomeric species in the negative ion mass spectra is and -pinene/1,3,5-trimethylbenzene. In that study, the shape of the off-line LDI-MS 8 pattern showed good agreement with the shape of the oligomeric mass spectral 9 patterns acquired with the ATOFMS. 10
11
The three HMW-OCs ATOFMS particle types were all distributed in the submicron 12 mode (<1μm). The smallest mode was observed for particle type OLI-BBOA (250-13 300nm), followed by OLI-NIT (400nm). In contrast, particle type OLI-SS was found to 14 be distributed in the largest detected particles, at about 800-900 nm. Such 15 differences are likely due to the different aerosol sources associated to the three 16 particle types, where an attempted apportionment is described in the next sub 17 section. 18 The temporal trends of the three oligomer particle types are shown in Figure 2 . It 22 should be noticed that whilst OLI-NIT and OLI-BBOA present similar trends, ART-2a 23
cluster OLI-SS presents a different pattern. Furthermore, the OLI-SS particle type 24 occurs mainly during the period of 4th-9th February, when clean marine Polar air 25 masses were encountered (Dall'Osto et al., 2013). During this period, the ATOFMS 26 detected higher particle number concentrations of pure NaCl (Figure 2 middle panel) , 27 low anthropogenic NO x gaseous concentrations and higher than average ozone 28 concentrations for this location (Figure 2 top panel) . The temporal trends of the three 29 oligomer particle types were correlated with the main ATOFMS and AMS aerosol 30 classes described in Dall´Osto et al. (2013) . Cluster OLI-SS was found to be highly 31 correlated only with ATOFMS-NaCl (r=0.81), and not with other ATOFMS nor AMS 1 particle types (r<±0.2). By contrast, cluster OLI-BBOA was highly correlated with 2 ATOFMS OC-EC-SUL (Domestic solid fuel combustion, r=0.87), and not with other 3 , 2013; 2014) . For this reason, the ATOFMS particle type is herein 7 defined with the general name of ATOFMS OC-EC-SUL, representing domestic solid 8 fuel combustion. However, it is interesting to note that cluster OLI-BBOA correlated 9 more with AMS PMF BBOA (Biomass Burning OA, r=0.74) than AMS PMF PCOA 10 (Peat and coal, r=0.45), hence the name OLI-BBOA. The reason for this is not clear 11 and further work is needed to draw conclusions. Cluster OLI-NIT was found 12 correlated with ATOFMS OC-EC-NIT (Secondary nitrate aerosol internally mixed with 13 EC, r=0.71) and AMF Nitrate (r=0.84), and not with other particle types (r<±0.2). In 14 ATOFMS studies, usually the negative spectrum is vital for identifying secondary 15 species such as sulfate and nitrate, while the positive spectrum is used for metals 16 such as Na, Al, Ca, K and Fe (Gross et al., 2000) . As mentioned at the beginning 17 above, the three ATOFMS particle types were mainly characterized by negative 18 single particle mass spectra. By investigating the few (<5%) positive single particle 19 mass spectra belonging to each class, it was found that cluster OLI-NIT and OLI-20 BBOA were rich in m/z 39 (K) whereas cluster OLI-SS was found rich in m/z 23 and 21 m/z 81 (Na and Na 2 Cl), confirming the association with biomass burning and sea salt, Some consideration of the diurnal profiles of the three particle types (Figure 3) can 1 also be made. OLI-BBOA clearly spiked during evening times at about 9pm in 2 association with primary domestic solid fuel combustion emissions. Cluster OLI-NIT 3 shows the strongest diurnal variation with a clear night time predominance. However, 4 a peak at about 9am may also be seen coinciding with traffic rush hours. By contrast, 5
ATOFMS particle types (r<±0.2). It is valuable to remember in this context that in
cluster OLI-SS shows a unique diurnal trend spiking at 3-4pm, concomitant with the 6 highest ozone concentrations and strongest solar radiation values. We are unable to 7 check in the negative mass spectra (Figure 1 ) for specific ion markers that can be 8 attributed to photochemical reactions. However, several peaks were found enhanced 9 in the OLI-SS single particle mass spectra ). Briefly, 32 higher concentrations of anthropogenic aerosol constituents were observed for 1 Period S. as a consequence of low dispersion conditions. In contrast, more NaCl was 2 observed as expected during Period M. Indeed, 81% of the total OLI-SS classified 3 during the field study were observed in Period S. The HR-ToF-AMS dataset was 4 queried to support the existence of specific oligomer species during this period. 5
Unfortunately, signals attributable to oligomer species were not found. Although this 6 could confirm that these particles contribute little to particle mass concentrations, it is 7 also possible that the HMW-OCs did not survive the high temperatures used in the 8
vaporizer. However, we tested if m/z peaks attributable to C-Cl bonds -supportive of 9 sea salt internally mixed with organic matter -could be detected. highlighted. Finally, it is worth remembering that as of 1995, 37% of the world's 7 population lived within 100 km of a coast and that fraction has continued to increase. 8
The different types of HMW-OCs presented here may also be of concern regarding 9 their potential adverse health effects (Baltensperger et al., 2008) . In summary, our 10 single particle mass spectrometry measurements -taken in a European coastal 11 location during winter time -has allowed us to shed some light on the mixing state of Hu, D., Li, C., Chen, H., Chen, J., Ye, X., Li, L., Yang, X., Wang, X., Mellouki, A., and part is the m/z 0-350 average single particle mass spectra, whereas in the right part 6 the m/z 100-350 expanded is seen for OLI-BBOA (OLIgomer-Biomass Burning 7
Organic Aerosols), OLI-NI (OLIgomer-NITrate) and OLI-SS (OLIgomers Sea Salt). 
